The aim of this study was to investigate whether induction of Hsp70 expression by coenzyme Q10 (Q10) treatment protects chicken primary myocardial cells (CPMCs) from damage and apoptosis in response to heat stress for 5 hours. Analysis of the expression and distribution of Hsp70 and the levels of the damage-related enzymes creatine kinase-MB (CK-MB) and lactate dehydrogenase (LDH), as well as pathological analysis showed that co-enzyme Q10 alleviated the damage caused to CPMCs during heat stress. Further, analysis of cell apoptosis and the expression of cleaved caspase-3 indicated that coenzyme Q10 did have an anti-apoptotic role during heat stress. Western blot analysis showed that pretreatment with co-enzyme Q10 led to a significant increase in the expression of Hsp70 during heat stress.
INTRODUCTION
Heat stress has received much attention because of the damage it has been causing in recent years. It has been reported that lack of protection from heat exposure resulted in losses of $2.4 billion to the breeding industry in the United States (St-Pierre et al., 2003) . Hyperthermia has been found to be harmful for poultry, as it could reduce the growth rate, feeding efficiency, and survival ability (Vanderhel et al., 1992; Geraert et al., 1996) . Increased basal metabolic rate and abdominal fat also have been observed under high-temperature conditions (N'dri et al., 2007) .
Heart damage is an obvious consequence of heat stress, and studies have indicated that heat stress could result in severe heart disease, including cardiac failure and sudden cardiac arrest that could even induce sudden death (Chang et al., 2003; De Maio 1999) . Our previous studies reported that heart damagerelated enzymes showed a significant elevation after heat stress not only in chickens but also in rats; C 2016 Poultry Science Association Inc. Received August 12, 2016 . Accepted October 7, 2016 These authors contributed to this work equally. 2 Corresponding author: b endong@njau.edu.cn thus, heart damage is a very common and obvious occurrence after heat stress (Chen et al., 2015; Wu et al., 2015; Zhang et al., 2016) . In vitro experiments also have shown that myocardial cells undergo serious granular degeneration, vacuolar degeneration, karyopyknosis, and even nuclear fragmentation, and these lesions become aggravated with the prolongation of time (Wu et al., 2016a) . These findings indicate that heart damage after heat stress is a widespread phenomenon.
Hsp70 is an important member of the heat shock protein family, and it has a molecular weight of 70 kDa (Li and Srivastava, 2004) . It has an indispensable role in protein sorting and quality control: It is involved in the selection of abnormal proteins that are then degraded in the proteasome or lysosomes (Mayer and Baukau, 2005) . It also acts as a molecular chaperone for misfolded proteins and unfolded proteins; it helps these proteins as well as their corresponding cells return to their normal state (Clarke, 1996; Young, 2010) . Hsp70 has been reported to have protective roles against both in vivo and in vitro heat stress. Studies have demonstrated that overexpression of Hsp70 in transgenic mice relieved heart failure induced by doxorubicin (Naka et al., 2014) . Similar results also were reported in Li's research (Li et al., 2006) , which proved the important cardioprotective role of Hsp70. In addition, Hsp70 also may have an anti-apoptotic role, as it was found to bind to Apaf-1 to suppress the activation of its downstream molecules such as pro-caspase-9 and caspase-9 (Li et al., 2000; Saleh et al., 2000) . Hsp70 also was found to inhibit non-caspase-mediated apoptosis by sequestering AIF during its transfer from the mitochondria to the nucleus (Matsumoti et al., 2006) .
Co-enzyme Q10 (Q10), also called ubiquinone, is an endogenously synthesized cofactor that plays the role of a membrane antioxidant in the mitochondrial inner membrane (DiNicolantonio et al., 2015) . It is present in relatively high levels in the heart, liver, and kidney. Studies have indicated that treatment with co-enzyme Q10 alleviates oxidative stress in the liver induced by schistosome and causes a remarkable improvement in liver function (Othman et al., 2008) . Kaufmann also discovered that co-enzyme Q10 could ease the symptoms of amyotrophic lateral sclerosis, which might be associated with its antioxidant ability (Kaufmann et al., 2009) . Its anti-apoptotic function also has been researched: Chen et al. discovered that co-enzyme Q10 decreased the apoptosis of corneal fibroblasts induced by ethanol (Chen et al., 2011) . Brancato et al. also demonstrated that co-enzyme Q10 caused a decrease in the number of apoptotic keratocytes produced by excimer laser treatment (Brancato et al., 2000) . It also could control the rate of mitochondrial transition pore opening; this is considered to be associated with its anti-apoptotic function (Fontaine et al., 1998) . Even more important is its application in the treatment of heart disease. Co-enzyme Q10 was found to have antioxidant effects that were brought about via membrane oxidation and lipid peroxidation and the consequent stabilization of low-density lipoprotein particles to support cardiovascular health (Stocker et al., 1991; Mohr et al., 1992; Sohal, 2004) . Lack of co-enzyme Q10 has been found to aggravate the symptoms of congestive heart failure and also is correlated with oxidation resistance (Folkers et al., 1985) .
Heat stress is considered to be related to oxidative damage to proteins and lipid peroxidation (Zhao et al., 2014) . Given the antioxidant activity of co-enzyme Q10, it is possible that this enzyme plays a role in the response to heat stress. Moreover, Hsp70 is known to play a cardioprotective role in the heart of the rat and chicken during heat stress (Chen et al., 2015; Wu et al., 2016b) , which could mean that the functions of Hsp70 and Q10 could be inter-related under conditions of heat stress. In the present study, we hypothesized that pre-treatment with co-enzyme Q10 reduces damage and apoptosis in response to heat stress in chicken primary myocardial cells (CPMCs) and that this effect is associated with the induction of Hsp70 expression. If our hypothesis is shown to be true, it may indicate that Q10 plays a role in heart protection during heat stress. Figure 1 . The heat stress model. Primary chicken cells were randomly divided into 3 groups. The HS+Q10 group and Q10 group were pretreated with 20 μM co-enzyme Q10 dissolved in DMSO 2 h before heat stress, while the HS group was treated with the same dose of DMSO. Cells in the HS group and HS+Q10 group were transferred to a 42
• C incubator, which also supplied a humidified atmosphere containing 5% CO 2 and 95% air at the start of heat stress. The duration of heat stress was zero, one, 3 and 5 hours.
MATERIALS AND METHODS

Culture of Primary Chicken Myocardial Cells
All the experiments were performed in accordance with the guidelines of the Animal Ethics Committee of Jiangsu Province (China). The study protocol was approved by the Animal Care and Use Committee of Nanjing Agricultural University (Nanjing, China). Primary chicken myocardial cells were separated from specific pathogen-free, embryonated 12-day-old eggs (Qian Yuan Hao Biotechnology Company, Nan Jing, China) using collagenase type I (1 mg/mL; Life Technologies, Carlsbad, CA) and cultured in Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Waltham, Massachusetts) containing 20% fetal bovine serum (FBS; Life Technologies, Waltham, Massachusetts), 100 units/mL penicillin, and 100 units/mL streptomycin in a humidified atmosphere composed of 5% CO 2 and 95% air at a temperature of 37
• C. Every 15 eggs provided 10 cell culture plates.
CPMCs Heat Stress Model
Cells (3 to 4 × 10 6 ) were cultured in 60-mm cell culture dishes (Corning Incorporated, New York). As shown in Figure 1 , the dishes were divided randomly into 3 groups: the co-enzyme Q10 with heat stress group (HS+Q10), which was treated with 20 μM co-enzyme Q10 dissolved in dimethyl sulfoxide (DMSO) 2 h before heat stress; the heat stress only group (HS), which was treated in a humidified atmosphere containing 5% CO 2 and 95% air at 42
• C with the same dose of DMSO as in the HS+Q10 group; and the co-enzyme Q10 group, which was treated with Q10 only. The duration of HS was zero, one, 3, and 5 hours. The final concentration of DMSO in the cell culture fluid was 0.1%.
Detection of Heart Damage-related Enzymes
The supernatant of CPMCs was collected from each group after heat stress. The concentration of the damage-related enzymes CK-MB and LDH was determined using commercial kits (E006, A020-1; Nanjing Jiancheng Biochemical Reagent, Nanjing, China) according to the manufacturer's instructions.
Pathologic Examination of CPMCs
CPMCs cultivated on polylysine-treated coverslips were collected after heat stress. The cells were fixed in 4% paraformaldehyde for 15 min at room temperature and then fixed in 95% alcohol for 15 minutes. After washing 3 times with phosphate-buffered saline (PBS) solution, the cells were stained with hematoxylin for 5 min and eosin for 3 minutes. After the coverslips were mounted on slides with the Permount TM mounting medium, light microscopic analysis was used for pathologic examination. Granular degeneration was defined as tiny and reddish granules filled in cytoplasm or nucleus, swelling of cells may also be observed, it was a kind of relatively slight lesion. When various sizes of vacuoles were observed in the cytoplasm and nucleus, we called it vacuolar degeneration; when vacuolar degeneration was serious, cells presented the shape of a honeycomb or fishing net.
Detection of CPMCs Apoptosis During Heat Stress
CPMCs were washed twice with pre-cooled PBS solution after cell digestion with pancreatic enzymes without ethylenediamine tetra-acetic acid. The cells were then collected after centrifugation at 300 × g for 10 min at 4
• C, and the cells were re-suspended in 100 μL binding buffer before 5 μL Annexin V-FITC and 5 μL PI solution were added. Flow cytometry was used to examine all the samples within one hour. FlowJo v7.6.1 was used for data analyses.
Western Blot Analysis
Total protein was extracted using the RIPA lysis buffer with 1% phenyl methane sulfonyl fluoride, and nuclear protein was collected with cell nucleoprotein extraction kits (Nanjing Jiancheng Biochemical Reagent, Nanjing, China) according to the manufacturer's instructions. The protein concentration was measured using the bicinchoninic acid assay kit (MK164230; Life Technologies, Massachusetts). The samples were boiled for 15 min and then stored at -20
• C. After sodium dodecyl sulfate-polyacrylamide gel electrophoresis, the proteins were transferred onto the polyvinylidene fluoride (PVDF) membrane (162-0177; Bio-Rad, Hercules, California) under 100 V for 90 minutes. Following this, 5% skimmed milk powder dissolved in PBST was used for blocking for 2 h, and the PVDF membrane was incubated with primary antibodies including Hsp70 (Enzo Lfe, ADI-SPA-810) (Moon et al., 2001; Taylor et al., 2010) ; GAPDH (Abcam, ab181602) Sun et al., 2016) ; Cleaved caspase-3 (Santa Cruz, sc-1224) (Luo et al., 2010; Sutinen et al., 2012) ; Histone H3 (Santa Cruz, sc-8654) (Li et al., 2015; O'Sullivan et al., 2015) and the corresponding peroxidase-conjugated antibodies. Luminous fluid was used to detect the proteins present on the membrane. Bands on the developed film were quantified using Quantity One (v4.6.2 Bio-Rad, Hercules, USA).
Detection of Hsp70 by Immunofluorescence Analysis
CPMCs were fixed on culture plates with pre-cooled 4% paraformaldehyde for 15 min at room temperature. They were permeabilized with 0.5% Triton X-100 dissolved in PBS for 15 minutes. After blocking with 5% bovine serum albumin in PBS for 30 min, a 1:100 dilution of anti-chicken Hsp70 monoclonal antibody (ADI-SPA-810; Enzo Life Sciences, Exeter, UK) was added to the plates, and they were incubated in a moist chamber for one h at 37
• C. The plates were incubated with FITC-conjugated goat anti-mouse IgG antibody (BA1101; Boster, Wuhan, China) at a 1:50 dilution at 37
• C in the dark for one hour. After washing with PBS, the cells were stained with 4 , 6-diamidino-2-phenylindole (KGA215-50; KeyGEN, Beijing, China) for 5 minutes. Distribution of Hsp70 was observed under an immunofluorescence microscope (Cx41-32rfl; Olympus, Tokyo, Japan). Differences in the average optical density between the nucleus and cytoplasm were analyzed with the Image-Pro Plus 6.0 software; 3 views were chosen and analyzed in each coverslip.
Statistical Analysis
Differences between the experimental groups and the control group were analyzed by one-way analysis of variance followed by the least square difference multiple comparison test using SPSS (v20.0; IBM, Armonk, NY). Results are expressed as the mean ± standard error of mean (SEM). P < 0.05 was considered to indicate statistical significance, and P < 0.01 was considered to indicate a high degree of significance. Unless indicated otherwise, experiments were performed in triplicate (n = 3).
RESULTS
Concentrations of Heart DamageAssociated Enzymes During Heat Stress
The concentrations of CK-MB and LDH are shown in Figure 2 . The CK-MB level (Figure 2A ) in the HS group and HS+Q10 group was significantly elevated after heat stress, and heart damage was alleviated in the HS+Q10 group compared with the HS group at 3 h (P < 0.01) and 5 h (P < 0.05). The LDH level ( Figure 2B ) in the cell supernatant was also significantly elevated in the HS and HS+Q10 groups. In the HS+Q10 group, the Both the CK-MB and LDH levels in the Q10 group did not change within 5 h of heat stress, while the level of CK-MB in the HS group was higher than that in the HS+Q10 group at 3 h and 5 hours. Similarly, the LDH concentration was significantly higher in the HS group than in the control group during heat stress ( * P < 0.05, * * P < 0.01: statistically significant difference compared with the control group; a P < 0.05, aa P < 0.01: statistically significant difference between the groups at the same time points).
LDH level was much lower than that in the HS group at one h (P < 0.05), 3 h (P < 0.01), and 5 h (P < 0.01). Neither CK-MB nor LDH in the Q10 group showed any obvious change within the 5 h when they were under normal condition without heat stress (P > 0.05).
Pathologic Examination of CPMCs
Pathologic lesions were observed in the HS, HS+Q10, and Q10 groups within the 5 h of HS (Figure 3) . CPMCs showed acute granular degeneration (→) of the cytoplasm after one h of heat stress in both the HS (Figure 3E ) and HS+Q10 (Figure 3D ) groups; however, the HS group showed more severe damage than the HS+Q10 group. Besides granular degeneration, severer vacuolar degeneration (↑) was observed in the HS group after 5 h of HS ( Figure 3H ). In the absence of heat stress, no obvious pathological changes were observed in the Q10 group throughout the duration of the experiment ( Figure 3C, 3F, 3I ).
Apoptosis of CPMCs During Heat Stress
Cell apoptosis was barely observed in the Q10 group during the 5 h duration of the experiment (P > 0.05) (Figure 4) . However, both the HS group and HS+Q10 group exhibited cell apoptosis at the beginning (one h) of heat stress (P < 0.05), and there was no significant difference between the 2 groups. After 3 h of HS, apoptosis in the HS group was increased by 33% compared with the HS+Q10 group (P < 0.01). After 5 h, the apoptosis rate in the HS+Q10 and HS groups was 28 and 37% respectively. These results indicate that addition of co-enzyme Q10 decreased apoptosis during HS in CPMCs.
Concentration of Cleaved Caspase-3 Protein During Heat Stress
Expression of cleaved caspase-3 in the 3 experimental groups was normalized to that of the housekeeping gene GAPDH ( Figure 5) . Expression of cleaved caspase-3 at zero h was quite low, but it increased significantly from one h of heat stress in the HS group and the HS+Q10 group (P < 0.05). Caspase-3 expression in the HS+Q10 group was lower than that in the HS group at one h (P < 0.05), 3 h (P > 0.05), and 5 h (P < 0.01). The expression of cleaved caspase-3 in the Q10 group was not altered throughout the experiment (P > 0.05). These findings were similar to those for cell apoptosis.
Hsp70 Expression During Heat Stress
Expression of Hsp70 during heat stress is shown in Figure 6 . Hsp70 showed low expression under the nonstress condition in both groups, and its expression was notably higher on exposure of the cells to heat stress. Addition of co-enzyme Q10 significantly up-regulated the expression of Hsp70 during heat stress at one h (P < 0.05), 3 h, and 5 h (P < 0.01), but co-enzyme Q10 could not up-regulate the expression of Hsp70 under normal conditions.
Distribution of Hsp70 During Heat Stress
Distribution of Hsp70 was examined using immunofluorescence analysis (Fig. 7) . Hsp70-positive signals were barely observed at zero h in both the HS and HS+Q10 groups; this was true for the Q10 group throughout the duration of the experiment. Hsp 70 signals in the HS+Q10 group were stronger than those in the HS group within 5 h of heat stress (Fig. 7A ). In the HS group, Hsp70 was mainly distributed in the cytoplasm at zero h; further, at 3 h and 5 h, weak Hsp70 signals were observed in the nucleus. However, in the HS+Q10 group, after 5 h of heat stress, strong positive Hsp70 signals were observed in the nuclei of CPMCs. This finding was confirmed by the optical density values ( Figure 7B ) and western blots ( Figure 7C ). Co-enzyme Q10 promoted the relocalization of Hsp70 into the nucleus at 3 h (P < 0.05) and 5 h (P < 0.01), at which time point Hsp70 expression increased by nearly 1.4-fold and 2-fold respectively. . When the cells were exposed to hyperthermia for one h, granular degeneration was observed (→) in the cytoplasm. The degeneration in the HS group seemed to be more severe, which was reflected in the area of the lesions. (G, H). When the heat stress duration was extended to 5 h, vacuolar degeneration (↑) near the nucleus was discovered, but the degeneration in the HS+Q10 group was obviously lesser than that in the HS group. (C, F, I ). Cells in the Q10 group did not show obvious damage in this experiment. Cell apoptosis during heat stress. Cell apoptosis was detected using flow cytometry. No obvious cell apoptosis was detected in the Q10 group throughout the experiment, and apoptosis in the HS+Q10 group was decreased by 33% at 3 h and by 24% at 5 h compared with that in the HS group ( * P < 0.05, * * P < 0.01: statistically significant difference compared with the control group; a P < 0.05, aa P < 0.01: statistically significant difference compared with the rest of the groups at the same time points).
Hsp70 Expression After Quercetin Treatment
Expression of Hsp70 after treatment with quercetin, a specific inhibitor of Hsp70, is shown in Figure 8 . Western blot analysis showed that treatment with 200 μM quercetin significantly inhibited Hsp70 expression at 5 h (P < 0.01) in the HS and HS+Q10 groups; however, expression of Hsp70 in the quercetin-treated HS+Q10 group was still higher than that in the HS group but without a significant difference.
Concentration of Heart Damage-Associated Enzymes and The Apoptosis Rate After Quercetin Treatment
The concentration of heart damage-associated enzymes and cell apoptosis rate after quercetin treatment were detected (Figure 9 ). Addition of quercetin reduced the protective effect of co-enzyme Q10 at 5 h of heat stress, as the level of CK-MB and LDH in the cell supernatant was elevated to 13 and 24%, respectively, in the HS group compared with the HS+Q10 group Figure 5 . Expression of cleaved caspase-3 in the 3 experimental groups. Q10 treatment resulted in a significant reduction in the level of cleaved caspase-3 at one h and 5 hours. Caspase-3 expression was maintained at a relatively low level in the Q10 group ( * P < 0.05, * * P < 0.01: statistically significant difference compared with the control group; a P < 0.05, aa P < 0.01: statistically significant difference compared with the other groups at the same time points). Expression of Hsp70 in the Q10 group was maintained at a lower level within 5 h, but Q10 pretreatment up-regulated the expression of Hsp70 during heat stress ( * P < 0.05, * * P < 0.01: statistically significant difference compared with the control group; a P < 0.05, aa P < 0.01: statistically significant difference compared to the other groups at the same time points). . Western blot analysis and the average optical density values further confirmed the findings in (A) ( * P < 0.05, * * P < 0.01: statistically significant difference compared with the control group; a P < 0.05, aa P < 0.01: statistically significant difference compared with the rest of the groups at the same time points).
( Figure 9A ). Pathologic examination at 5 h indicated that when the Hsp70 inhibitor was added, injuries to CPMCs in the HS+Q10+quercetin group became more severe than that in the HS+Q10 group ( Figure 9B ). According to the results of flow cytometry, inhibition of Hsp70 led to a 10% increase in the cell apoptosis rate in the HS group compared with the HS+Q10 group (Figure 10) . 
DISSCUSSION
In this study, we chose embryonic cells instead of adult cells, which made the use of control temperature of 37
• C and heat stress temperature of 42 • C appropriate, because normothermia of adult chickens is higher, which may produce different results if adult cells were treated at their appropriate and physiologically relevant heat stress temperatures. Co-enzyme Q10 was found to up-regulate Hsp70 expression as well as alleviate damage and apoptosis of myocardial cells during heat stress. Thus, the findings render our hypothesis valid and do indicate that co-enzyme Q10 plays a protective role in CPMCs.
Western blot analysis showed that pretreatment with co-enzyme Q10 could significantly increase the Hsp70 expression level during heat stress, especially at 3 h and 5 h, in comparison with the HS group. In agreement with this finding, other research has also demonstrated that the levels of Hsp70 are quite low under normal conditions and increase only in response to stress (Asea et al., 2000; Glocer and Lindquist, 1998) . Q10 plays a role in normal cardiac function and is not involved in triggering cellular stress response. This probably explains why Hsp70 expression was not induced in the group treated with only Q10 within 5 hours. The results of immunostaining analysis in our research were consistent with those of western blot analysis.
In our study, Hsp70 was mainly found to be weakly distributed in the cytoplasm under normal conditions; moreover, at 3 h and 5 h of heat stress, Hsp70 was found to be translocated from the cytoplasm to the nucleus. An interesting finding was that Q10 pretreatment in the HS+Q10 group resulted in an increase in nuclear Hsp70 expression compared to the HS group during heat stress at 5 hours. This was in accordance with the previously reported discovery of nuclear transport of Hsp70 under various stress conditions (Asea et al., 2000; Glocer and Lindquist, 1998; Velazquez and Lindquist, 1984) . Previous studies have demonstrated that longterm oxidative stress (an important consequence of HS) could induce the formation of reactive oxygen species and result in cell death, via the apoptotic pathway or necrotic cell death process; this may involve the activation of various intracellular pathways targeting the nucleus (Mehra et al., 2007; Vanlangenakker et al., 2008; Kalmar and Greensmith, 2009) . It also was reported that the nuclear translocation of Hsp70 protected cells from heat stress by accelerating the recovery of nucleolar activity and cell nuclear morphology (Pelham, 1984; Welch and Suhan, 1985) . Thus, increase in the nuclear expression of Hsp70 induced by Q10 may contribute to the cytoprotective function observed during heat stress.
In this study, elevation of the levels of heart-related enzymes in the supernatant and granular and vacuolar degeneration in the cytoplasm indicated that myocardial cells of the chicken suffered serious injury during heat stress. The LDH and CK-MB levels in myocardial cells are widely used for investigating damage to the heart, such as acute myocardium infraction, cardiomyopathy, and other diseases (Mitchell and Sansercock, 1995; Saravanan et al., 2013) . LDH and CK-MB present in the plasma or cell supernatant are released from the cytoplasm when cell membrane permeability is increased under various stresses. Our previous research also found that the levels of these enzymes were elevated after in vivo and in vitro heat stress (Liu et al., 2012; Islam et al., 2013; Cheng et al., 2014) . In the present study, the levels of CK-MB and LDH were lower in the HS+Q10 group; this indicated that overexpression of Hsp70 induced by co-enzyme Q10 was accompanied by slight heat stress-induced injury in the CPMCs. Furthermore, the damage induced by heat stress was much more severe when Q10 treatment was not performed and the expression of Hsp70 was relatively low. These results indicate that Q10 protects CPMCs from damage induced by heat stress and that this effect may be associated with the induction of Hsp70 expression. Moreover, when Q10 was added to cell culture fluid but not exposed to heat stress, no obvious fluctuation in the CK-MB and LDH concentration was detected. This indicated that Q10 itself was not toxic to cells; thus, Q10 may be safe for use in clinical settings.
To further confirm the protective role of Q10, pathologic examinations also were conducted. Degeneration of the granules and vacuoles of CPMCs appeared after one h of heat stress, which indicates that acute injury occurred inside the myocardial cells. Cell damage in all the experimental groups exposed to heat stress was aggravated as the duration of heat stress increased. However, a relatively small number of pathologic lesions were observed in the Q10 pretreatment group in which high expression of Hsp70 was induced by Q10. This finding provides more evidence to show that co-enzyme Q10 treatment provides myocardial cells with protection against heat stress.
Cell apoptosis is commonly observed after heat stress (Calapre et al., 2016; Cui et al., 2016; Liu et al., 2016) . Our results showed that nearly no cell apoptosis was observed in all the treatment groups in the absence of heat stress. However, obvious apoptosis was observed after exposure to heat stress for one hour. When expression of Hsp70 was up-regulated by treatment with co-enzyme Q10, the apoptosis rate after heat stress was significantly reduced by nearly 33 and 24% at 3 h and 5 h, respectively, compared to the HS group; further, in the Q10 treatment group without heat stress, apoptosis was not observed at any time point. (Kong et al., 2016) ; it also was shown that apoptosis of myocardial cells was reduced by Hsp70 (Zhao et al., 2007) . On the contrary, inhibition of Hsp70 resulted in an increase in the cell apoptosis rate (Wei et al., 1994; Xiang et al., 2008) . Therefore, in the present study, the reduction in the cell apoptosis rate during heat stress by Q10 Figure 10 . Cell apoptosis in the CPMCs after treatment with quercetin. The apoptosis rate was detected using flow cytometry. Ordinate: PI-stained cells, abscissa: FITC-stained cells. Q1: necrotic cells, Q2: non-viable apoptotic cells, Q3: viable apoptotic cells, Q4: normal cells. Inhibition of Hsp70 by quercetin suppressed the anti-apoptotic ability of co-enzyme Q10 ( * P < 0.05, * * P < 0.01: statistically significant difference compared with the control group; a P < 0.05, aa P < 0.01: statistically significant difference compared with all the other groups at the same time points). may have been partly attributable to increase in Hsp70 expression.
Cleaved caspase-3 is a key protein involved in the caspase-dependent apoptosis pathway; it is regarded as the main protein involved in cell apoptosis. Heat stress resulted in an increase in the cleaved caspase-3 levels in the HS group and HS+Q10 group. However, when increase in the expression of Hsp70 was induced by co-enzyme Q10, the level of cleaved caspase-3 was obviously lower than that in the HS group at the same time point. The control group, which was treated only with Q10, showed very low levels of cleaved caspase-3. Therefore, we speculated that co-enzyme Q10 reduces the cell apoptosis rate under heat stress via the induction of Hsp70, and Q10 itself does not cause apoptosis.
The results of the present study indicate that coenzyme Q10 may protect cells from heat stress via the induction of Hsp70 expression. To provide more proof in support of our hypothesis, we chose a specific Hsp70 inhibitor, quercetin, to inhibit Hsp70 expression within 5 h of heat stress in all the treatment groups. Cell damage indicators and cell apoptosis were examined again. Quercetin has been widely used for Hsp70 inhibition in several cancers (Lee et al., 1992; Elia and Santoto, 1994) . Our preliminary study confirmed that treatment of CPMCs with 200 μM quercetin did not influence cell viability (data not shown). When cells were pretreated with Q10 and quercetin, expression of Hsp70 was significantly lower than that in the HS+Q10 group. This finding indicated that quercetin inhibited the induction of Hsp70 by co-enzyme Q10 to a considerable extent. The levels of CK-MB and LDH were also significantly increased after the inhibition of Hsp70 expression. Further, addition of the Hsp70 inhibitor resulted in a 25% increase in the cell apoptosis rate compared to the HS+Q10 group. According to the results of our experiment, the protective function of co-enzyme Q10 was obviously reduced when Hsp70 was inhibited, which confirmed our hypothesis that Q10 can induce Hsp70 expression to protect CPMCs from damage induced by heat stress in vitro.
In our research, we found that the expression of Hsp70 in the HS+Q10 with quercetin-treated group was not significantly different from that in the HS group. This indicated that quercetin resulted in sufficient suppression of Q10-induced Hsp70 expression; however, cell damage and apoptosis during heat stress were alleviated in the Q10+quercetin group compared with the HS group. Based on these findings, we speculated that the protective effect of Q10 observed in CPMCs under heat stress was associated with the induction of Hsp70. However, other pathways that may be involved in this effect also should be considered.
In conclusion, the findings of the present study indicate that co-enzyme Q10 may alleviate damage and cell apoptosis in CPMCs during heat stress, and that this function may be associated with the induction of Hsp70. The detailed mechanisms underlying these effects still need to be elucidated.
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